There has been a long-standing debate on the coexistence between itinerant electrons and localized spins in the PdCrO2 delafossite. By means of the charge self-consistent combination of density functional theory and dynamical mean-field theory, it is corroborated that despite overall remarkable metallic response, the CrO2 layers are indeed Mott insulating as suggested by previous experimental work. The resulting k-resolved spectral function in the paramagnetic phase is in excellent agreement with available photoemission data. Subtle coupling between the itinerant and Mott-localized degrees of freedom is revealed. Different doping scenarios are simulated in order to manipulate the electronic states within the inert layers. In particular, oxygen vacancies prove effective in turning the hidden Mott insulator into a strongly correlated itinerant subsystem. The present results may open a new venue in research on quantum materials beyond canonical classification schemes.
I. INTRODUCTION
The discrimination of distinct electronic phases is a standard paradigm in condensed matter physics. Fermiliquid metals, band insulators and Mott insulators form the canonical ones. Several doped Mott insulators, for instance, belong to a more complex class, but still, material characterization usually focuses on the global aspects given by transport and magnetism. Recently, oxide heterostructures challenged this viewpoint, by establishing rather different electronic states in selected real-space regions in a controlled way. There, e.g. conducting interface regions are replaced by highly Mott-insulating areas further away from the interface [1] [2] [3] . The question arises if such coexistence of itinerancy and Mott localization can also be found in natural materials.
In that respect, the delafossite compound PdCrO 2 4, 5 provides an intriguing test case. Selected ABO 2 delafossites 6 , where A and B are different transition-metal (TM) atoms, such as PdCoO 2 , PtCoO 2 and PdCrO 2 are surprisingly high conductive (see e.g. Refs. 7 and 8 for recent reviews). The room-temperature in-plane resistivity of PdCoO 2 amounts to 2.6 µΩcm 9 , rendering it the mostconductive oxide in this temperature (T ) range. The crystal structure displayed in Fig. 1 shows the delafossite stacking of triangular A-atom planes and trigonal BO 2 planes along the c-axis exemplified for PdCrO 2 . As a key fact, the TM environments strongly differ for A and B sites. The B sites are in a common octahedral coordination with layered octahedra, giving rise to trigonal d-shell states of t 2g = {a 1g , e g } character at low energy and of e g nature at high energy. On the other hand, the A sites are linked to oxygens in a dumbbell-like position up and below, eventually leading to a more unusal dstate hierachy 10 . Experimental data strongly favors the picture of rather inert BO 2 layers in terms of itinerancy. From a general formal-oxidation analysis, the valences
2 describe cobalt in (Pd,Pt)CoO 2 compounds as Co 3+ (3d 6 ) with a low-spin closed-t 2g subshell structure. This resembles the Co state in related NaCoO 2 , the band-insulating layered rock salt 11 with both Na and Co in a trigonal position. Though already the interplay between the itinerant 4d electrons and the inert 3d 6 configuration of cobalt raises interesting questions, the case of PdCrO 2 appears even more intriguing. Formal lowspin Cr 3+ (3d 3 ) has a half-filled t 2g shell, with expected sizable local Coulomb interaction. Mott criticality in the CrO 2 layers becomes possible and several experiments indeed point towards localized Cr 3+ spins 4,12,13 in contact with itinerant Pd(4d) electrons. Especially the xray absorption data of Noh et al. provides evidence for a Cr 3+ (-like) oxidation state. Yet a fully conclusive proof for complete absence of itinerancy in the CrO 2 layers is still missing. Note also finally, magnetic ordering in a 120
• spin structure is revealed 14 below T N = 37.5 K.
In this work, a detailed study of the correlated electronic structure of paramagnetic PdCrO 2 is presented. As suggested from experiment, it indeed confirms the Mott-insulating character of the CrO 2 layers from firstprinciples many-body theory. Due to its concealed nature in the overall very good metallic system, one may classify this real-space-selective insulating regime as a 'hidden Mott insulator'. The k-resolved interacting spectral function differs substantially from the effective single-particle band structure obtained within conventional density functional theory (DFT). As the spectral weight of low-energy Cr-like DFT bands is shifted to higher energies with correlations, the Fermi level gets positioned in a one-band Pd-dominated quasiparticle (QP) dispersion. Significant coupling between the localized Cr electrons and the itinerant Pd electrons is discovered from analyzing the electronic self-energy. Different doping scenarios are employed to perturb the hidden state, eventually rendering the CrO 2 layers itinerant.
II. THEORETICAL APPROACH
The charge self-consistent combination of density functional theory and dynamical mean-field theory (DMFT) is employed [15] [16] [17] . For the DFT part, I use the mixedbasis pseudopotential method 18, 19 , based on normconserving pseudopotentials with a combined basis of localized functions and plane waves. For the exchangecorrelation part in DFT, the generalized-gradient approximation in form of the PBE functional 20 is utilized. Within the mixed basis, localized functions for Cr(3d) and Pd(4d) states as well as for O(2s) and O(2p) are used in order to reduce the plane-wave energy cutoff. The correlated subspace consists of the effective Cr(3d) Wannier-like functions as obtained from the projectedlocal-orbital formalism 21, 22 , using as projection functions the linear combinations of atomic 3d orbitals, diagonalizing the Cr(3d) orbital-density matrix. I use a five-orbital Slater-Kanamori Hubbard Hamiltonian in the correlated subspace, parametrized by a Hubbard U = 3 eV and a Hund's exchange J H = 0.7 eV. The latter values represent a proper choice for chromium oxides 23 and for akin layered CoO 2 compounds 24 . Since the relevant d-states of palladium are of 4d character and are furthermore close to complete filling in PdCrO 2 , the effect of explicit local Coulomb interactions on the Pd site may be safely neglected for examining the qualitative key physics. The single-site DMFT impurity problems in stoichiometric and doped PdCrO 2 are solved by the continuous-time quantum Monte Carlo scheme 25, 26 as implemented in the TRIQS package 27, 28 . A double-counting correction of fully-localized type 29 is applied. To obtain the spectral information, analytical continuation from Matsubara space via the maximum-entropy method as well as the Padé method is performed. All DFT+DMFT calculations are conducted by setting the system temperature to T = 290 K. Paramagnetism is assumed in all those computations.
Experimental lattice parameters 6 a = 2.930Å and c = 18.097Å are used. The internal degree of freedom z, governing the oxygen distance to the Pd plane is obtained from DFT structural optimization, reading z = 0.1101 for the stoichiometric compound. E-E F (eV) 
III. RESULTS

A. DFT electronic structure
Within Kohn-Sham density functional theory, the main results of characterizing nonmagnetic PdCrO 2 are displayed in Fig. 2 . The relevant band structure and density of states (DOS) encompassing Pd(4d), Cr(3d) and O(2p) states spans an energy window of [−8.5, 3] eV (cf. Fig. 2a ). The Cr levels are higher in energy than the Pd ones, rendering the latter not too far from complete filling. At the Fermi level, a separated manifold of three bands marks a dispersion of width 1.6 eV. These bands are nearly exclusively of Cr(3d) character as also visible from the 'fatband' plot of Fig. 2b , which visualizes the underlying Pd(4d) and Cr(3d) contribution to each band.
From a local-orbital analysis (see e.g. also Ref. 10 for the orbital setting), the trigonal splitting at the Cr site with octahedral coordination marks the given low-energy bands as being of dominant t 2g kind. It consists of a 1g and doubly-degenerate e g orbitals. Note that the Cr-a 1g orbital points along the c-axis, while the Cr-e g orbitals point in direction between the oxygen ligands and are inclined to the vertical axis. The remaining Cr-e g orbitals of higher energy are directed towards the oxygens. Because of the different site symmetry, the Pd-a 1g orbital points to the apical oxygens and therefore does not mark a low-energy orbital as in the Cr case.
Remarkably, and as pointed out already in Ref. 7, the just described DFT-based low-energy electronic structure disagrees completely with angle-resolved photoemission spectroscopy (ARPES) experiments 12, 30 . There, only a single QP band crosses the Fermi level, which also from quantum-oscillation experiments 13,31 is designated as being dominantly of Pd character. The obvious solution to this discrepancy is given by the fact that the Cr states are effectively localized due to electronic correlations based on sizable local Coulomb interactions. In other words, the CrO 2 layers become Mott insulating, while the Fermi level of the still overall metallic system shifts into a Pddominated QP band. From Fig. 2b , it appears obvious to which principle band it comes down to: the band just below the Cr-based low-energy threefold of bands, which is of strong Pd(4d) character, has to take charge. Importantly when starting from Γ, that band carries dominantly Pd-e g weight (cf. Fig. 2a,b) , representing twofold in-plane orbitals (see Fig. 2c ). Closer to the K point, Cr and Pd-a 1g contribute strongest to that band. In the following, I will call this relevant band the 'conducting Pd (cPd) band'. Note that Pd adds also some angularmomentum contribution from s and p over the relevant energy range, but the corresponding magnitude is always about 5-10 times smaller than from d flavour.
Regarding the general spectral properties, some agreement with experiment can be achieved within spinpolarized DFT calculations for a magnetically ordered system 12, 30, 32, 33 . However in the next section it will be shown that agreement with experiment is not truly associated with invoking magnetic order, but by correctly including the physics of generic electron correlations beyond conventional DFT. −0.29 eV of the occupied hole pocket at the M -point are in very good agreement with ARPES data 12, 30 . While the occupied Pd bands away from the Fermi level show mostly proper coherence, the original Cr-e g bands above ε F are now strongly incoherent. Importantly, the former Cr-t 2g bands at low-energy have fully disintegrated. The Fermi surface in Fig. 3b agrees with the singlesheet hexagon centered around Γ from experiment 30 , and also the constant-energy cut somewhat below ε F reveals again the same pocket structure around the symmetryequivalent M -points.
Of course, the Cr spectral weight has not vanished into thin air. As shown from a plot of the k-integrated total spectral function and the local chromium part in Fig. 3c , the Cr spectral weight is broadly distributed over energies away from the Fermi level, with dispersive parts mingling with the Pd bands. Right at ε F there is zero spectral weight, i.e. Cr is charge gapped and the CrO 2 layer indeed Mott insulating. Due to the overall metallicity of the system, this may be called a 'hidden Mott insulator' in a real-space selective region of the material. From theory, such Mott states in itinerant systems have e.g. already be found in oxide heterostructures 2, 3 . The 'lower Hubbard band' of hidden-Mott Cr extends over the Pddominated energy region and becomes therefore rather invisible as a distinct excitation in A(k, ω) (cf. Fig. 3a) . The orbital-resolved Cr occupations from DFT+DMFT read n = {n e g , n a1g , n eg } = {2.07, 1.02, 1.06} with a total electron count of n tot = 4.15. At first glance, this seems to disagree with the straightforward picture of Cr 3+ with spin S = 3/2 that is usually put forward from basic considerations. However note that the Wannier-based Cr-e g spectral weight of one electron is very flat in the occupied region, marking the broad hybridization with its surrounding. Thus, the more localized t 2g electrons shall count most when it comes to local properties and therefrom Cr 3+ with S = S t2g ≈ 3/2 indeed matches expectations. In this respect, note that Pd is nominally in the '+1' oxidation state, which is usually interpreted as a 4d 9 configuration. Finally, one may use the opportunity to roughly compare CrO 2 in PdCrO 2 with well-known CrO 2 in the rutile structure 23, 34 in terms of the correlation strength. In the former variation, correlations are indeed expected stronger from the Cr 3+ oxidation state, compared to Cr 4+ in rutile CrO 2 . It is known from basic modelHamiltonian studies (e.g. Ref. 35 ) that the Mott transition with respect to the strength of the local Hubbard U happens more quickly at half filling. Moreover, the quasitwodimensional structure of CrO 2 in PdCrO 2 should further sustain tendencies towards correlation effects.
Coupling of localized and itinerant electrons
So far, the advanced electronic structure theory beyond DFT was mainly utilized to achieve agreement with available experimental findings. However, it reveals also important new insight into the crucial coupling of itinerant electrons with dominant Pd character and localized Cr electrons 31, 36 . Traditionally, such couplings are known from Kondo physics, namely in an incoherent way associated with a Kondo impurity and in the coherent way on a Kondo lattice. The latter may apply to heavy-fermion compunds, where a regular lattice of localized f -electron spins interacts with a surrounding Fermi sea 37, 38 . Key competition in such a system is between the antiferromagnetic Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction trying to order the spins and the Kondo effect trying to screen the spins. Seemingly, the present PdCrO 2 problem exhibits some similarities to the basic architecture of the Kondo-lattice problem, but importantly, the present localized spins do not result from atomic physics of partially-filled inner f -shells. Instead, the Cr spins originate from a Mott mechanism that suppresses the hopping via strong local Coulomb repulsion. Little formal details are known about this regime of itinerantlocalized electron coupling.
As already shown in Fig. 3c , there is some minor Cr spectral weight appearing at low energy close to ε F , which is a hint for a coupling to the itinerant Pd electrons. Furthermore on the DFT level, there is substantial Cr(3d) weight on the cPd band around the K-point (see Fig. 2b ). It is therefore expected that the itinerant Pd electrons carry some self-energy (or 'heaviness') from scattering with the highly correlated Cr electrons. This can be made quantiative via the self-energy expression in the Bloch basis {|kν }, reading
whereby here, νν are band indices, mm denote Cr(3d) states, R are Cr sites andP are the projections between Bloch and local space. The local self-energy correction to DFT on a given Cr site is given by the difference between the DMFT impurity self-energy Σ R mm (ω) and the double-counting term Σ dc . For the key effects, one may restrict the discussion to in-plane correlations, since most electron-electron scattering will happen in the relevant twodimensional (2D) subspace of the layered material. Figure 4 displays real and imaginary part of the selfenergy Σ 2D ν (ω), representing the diagonal elements of the k-summed Σ νν (k, ω) with k z = 0. Besides the exptected large self-energy on the Cr-dominated bands, there is also a sizable self-energy amplitude on the cPd band. On the contrary, for the bands further below in energy, Σ 2D ν (ω) turns out very small.
In other words, albeit no explicit local Coulomb repulsion is taken into account within DFT+DMFT on the Pd sites, the scattering with Mott-localized Cr electrons transfers some correlations onto the most-relevant Pd-dominated band. This will not only effect the transport properties 39, 40 but also the exchange interaction between the Cr spins. Due to the half-filled scenario of the Cr(3d) sites, kinetic exchange of antiferromagnetic kind is most natural. The revealed additional coupling to the itinerant Pd electrons could cause an RKKY-like contribution. Understanding the intricate PdCrO 2 magnetism 4, 5, 33, [40] [41] [42] , which should be also partly rooted in the frustration on the triangular Cr sublattice, will ask for a detailed assessment of the different exchange contributions.
C. Doping effects
The question arises, if the hidden Mott-insulating state in PdCrO 2 could be perturbed such that the correlation physics emerges more blatantly, perhaps triggering other interesting physics. Various doped Mott insulators, such as e.g. cuprates, serve as prominent examples for the latter. Thus doping may provoke new phenomena in the given delafossite, providing the unique opportunity of a doped Mott insulator within a conducting environment. For instance, from basic considerations, electron-or hole-doped Cr sites might give rise to additional low-energy QP(-like) states with challenging strongly-correlated character. This could e.g. lead to an enhancement of the unconventional anomalous Hall signal which was detected at stoichiometry 5 . From the viewpoint of theory engineering, two ways of doping are feasible. First, through a perfectly-coherent charge doping by making use of the virtual-crystal approximation (VCA). A selected atomic species is thereby replaced by a pseudo atom of different nuclear charge Z ± δ. Second, and more realistic to experimental capabilities, through the introduction of explicit defects in a supercell approach.
Coherent doping of electrons or holes
Let's first deal with the somewhat more exemplary, but computationally simpler, coherent doping within VCA. For a proof of principles, I focus on introducing electrons or holes via pseudizing Cr with a charge modification δ = 0.05, resembling 5% electron(hole) doping in terms of doped carriers per correlated site. Upon structural relaxation, the z parameter of the crystal structure remains essentially unmodified with respect to the stoichiometric case. As expected, the small coherent dopings lead to a shift of the electronic spectrum, placing the maximum of the total QP peak further away(closer) to ε F for electron(hole) (see Fig. 5a ). In addition, the spectral weight close to low energy based on the CrO 2 layers becomes somewhat strenghtened with the doping. But a strong QP resonance from those layers still remains absent. While the Cr-a 1g contribution remains rather symmetric above and below the Fermi level, the Cr-e g and Cre g orbitals show some carrier-doping characteristics for the case of electron doping. The difference of the angleresolved doped spectral functions and the one at stoichiometry shown in Fig. 5b , shows that the cPd quasiparticle band shifts as expected with electron or hole doping. In the case of electron doping, the conduction band at K (carrying some Cr weight) touches the Fermi level. Thus a Lifshitz-kind of Fermi-surface change occurs with already small electron doping.
However, due to the small amount of doping and the coherent scenario, neglecting local structural distortions and symmetry breakings, the overall impact on the electronic spectrum remains without dramatic consequences. Interestingly, the original introduction of holes on the Cr sites on the atomic level, i.e. when initializing the calculation, results at DFT+DMFT convergence in a slightly larger nominal Cr(3d) charge (cf. Tab. I). Thus screening charge flow from nearby oxygens and/or the Pd layer overcompensates the initial Cr holes.
Doping by vacancies of oxygen or palladium type
Doping closer to common experimental procedures may be realized by introducing explicit defects in the system. I here choose vacancies of oxygen (O V ) and Pd (Pd V ) type to proceed along these lines. For both doping cases, 2×2×1 supercells are constructed with structural optimization of the atomic positions. Both defect structures shelter 4 in-plane Pd, 4 in-plane Cr and 8 O sites, respectively. While the O V disturbs the participating CrO 6 octahedra and drags the Pd ion above towards the CrO 2 plane, the Pd V pulls the respective O ions above and below towards the Pd plane and thereby distorts the corresponding CrO 6 octahedra. The present doping of 12.5% O V s and of 25% Pd V s is rather large, but suits the goal to study principle effects.
The main spectral properties are summarized in Fig. 6 . Both doping scenarios lead to an enhancement of the lowenergy QP peak in the total spectral function, which is obviously connected to the 'activation' of the originally transport-inert CrO 2 planes. Indeed, the averaged local Cr spectra now show sizable weight close to ε F . Importantly, whereas in the previous case of coherent doping only the impact of charge alteration took place, here, additional factors come into play. Besides the different total electronic charge from taking out one O/Pd atom, the local symmetry breaking and structural distortions caused by this operation are also crucial for the doping aspects. Concerning the charge doping on the Cr site, the orbital-resolved occupation of the Cr(3d) states are given in Tab. I. As expected for early TM oxides [43] [44] [45] [46] , introducing O V s dominatly adds charge to the TM-e g states, resulting here in a significantly larger nominal Cr charge. The associated Cr-e g (1) state (that is connected to the vacant O site) develops furthermore sizable lowenergy weight. On the other hand, the Pd V has only minor effects on the Cr(3d) filling, with only a slight increase of the Cr-e g electron count.
In comparison, the differences in charge doping of the Cr-t 2g states between coherent and impurity doping are rather small. The still much larger response in the latter case points to relevant doping contributions from distortions and symmetry changes. In the case of doping with oxygen vacancies, the Cr-based QP resonances at the Fermi level are sharp and the rather particle-hole symmetric local spectrum is reminiscent of a canonical strongly correlated system close to half-filled Mott criticality 47 (cf. Fig. 6 , middle). Apparently, Pd V doping tends to reduce the correlation strength in the CrO 2 planes by even stronger means (here also because of the larger nominal doping level). The local Cr spectral function with 25% Pd V s has an appearance similar to a moderately correlated TM-t 2g oxide 48 .
IV. CONCLUSIONS
A detailed investigation of the correlated electronic structure of highly-conductive PdCrO 2 confirmed the hidden Mott insulator within the CrO 2 layers by theoretical means. The intriguing coexistence of a moderately correlated low-energy band and strongly correlated localized states renders the given material highly interesting, standing out of the large class of correlated TM oxides. Charge self-consistent DFT+DMFT is a proper tool to characterize the challenging electronic system, providing very good agreement with available spectral data from experiment. The low-energy QP band observed in ARPES measurements is of dominant Pd(4d) character, carrying subtle correlation effects from the coupling to the localized Cr(3d) states. Impurity doping proves effective in 'melting' the hidden Mott insulator, giving rise to intricate conductive correlated states. Here, it was shown that in particular oxygen vacancies may be suitable to generate demanding correlated transport. Notably, besides the sole carrier-doping impact, the effects of symmetry breaking and structural distortion appear also very important for the doping impact.
So far nearly exclusively, experimental studies of PdCrO 2 focussed on the highy-purity aspect and the magnetic properties at stoichiometry. Though these facets are interesting in their own right, additional work on doped PdCrO 2 could be very exciting 49 . There is the chance for identifying electronic instabilities beyond the known low-temperature antiferromagnetic(-like) order at stoichiometry. The present work dealt with the paramagnetic electronic structure at room temperature. A theoretical study of the magnetic degrees of freedom, including e.g. a computation of exchange interactions, will be adressed in subsequent work. Moreover, revealing the T -dependent multi-orbital lattice susceptibilities from a realistic many-body perspective within DFT+DMFT 50 could shed further light on the intriguing electronic couplings in the system. Finally, the PdCrO 2 compound (and also other delafossites) might be a promising candidate as a building block for novel oxide heterostructures with underlying triangular lattices. Note in this respect that the akin PdCoO 2 compound also displays inert TM-oxide layers, yet not because of strong correlations but due to band-insulating(-like) CoO 2 layers. Thus combining both compounds may enable a controlled switching between Mott-and band-insulating characteristics. In general, the unique layered structure, the wide range of electronically different delafossite materials and the sensitivity to doping could open the possibility for engineering exceptional transport properties.
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